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The enzymatic tranfer of the phosphoryl goup



Phosphotransferases are represented in all classes of enzymes EC 1 Oxydoreductases : catalysent les réactions d'oxydo-réduction Glyceraldehyde 3-phosphate + NAD+ + Pi



1,3-bis phosphoglycerate + NADH



Glyceraldehyde 3-phosphate dehydrogenase EC 2 Transferases : ATP + AMP



2 ADP



Adénylate kinase



EC 3 Hydrolases : ATP



ADP + Pi



ATPase



EC 4 Lyases : (Glycogen)n + Pi



(Glycogen)n-1 + G-1-P



Glycogen phosphorylase



EC 5 Isomérases : G-1-P



G-6-P



phosphoglucomutase,



EC 6 Ligases : Succinate + GTP + CoA-SH



Succinyl-CoA + GDP + Pi



Le transfert enzymatique du groupement phosphoryl
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Phospho monoester



pKa1 ~ 2 pKa2 ~ 7 pKa3 ~ 12



pKa1 ~ 2 pKa2 ~ 7



We write: Pi (Number of protons according to the pH)
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Phospho diester
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Phospho triester



Le transfert enzymatique du groupement phosphoryl OH
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Phosphoramidate (useful for non-enzymatic protein phosphorylation)
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Le transfert enzymatique du groupement phosphoryl: thermodynamique



°’



The equilibrium is not relevant while studying initial rates!



Le transfert enzymatique du groupement phosphoryl
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N O



1



O



O O



P O



O-



O N



O



O



O



: OH2



P



HO



+ H+



O O



2 O



O N



O



+



HO



O



3 Problems with the phosphoryl tranfer (corrected by enzymes) The nucleophile power Charge separation in the transition state Poor leaving group
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Why is Understanding the Common Features of ATPdependent Enzymes Important?



• ~10% of proteins in E. coli are ATP dependent. • ~9% of annotated proteins in the Human genome are ATP dependent. • This is a rare opportunity to understand the common features of 9% of all genomes!



Caractéristiques structurales fréquentes (mais pas universelles) des phosphotransférases



Enzymes catalyzing similar reactions have often similar structures



Number of protein encoded by the genomes human: 35-40000 yeast: 6200 E. coli: 4200 For many genes products no function was assigned, yet Structural genomics: from structure to function The sequence to function approach was not successful!



Organisme



nombre de pb



Epstein-Barr virus Bacterium (Escherichia coli)



172 000



1984



4 800 000



4 288



1997



Yeast (Saccharamyces cerevisiae)



14 400 000



6 241



1996



Nematode worm (Caenorhabditis elegans) Fruit fly (Drosophila melanogaster)



100 000 000



18 424



1998



180 000 000



13 601



1999



3 300 000 000



40 000 (approx)



Human (Homo sapiens)



26 Juin 2000



Sequences / assignment



S. cerevisiae



Drosophila melanogaster



total



6289



13687



sequences with a 3D homology



1109 (17%)



2990 (21%)



function assigned by clear holology function assigned by tentative homology homologue found but no function assigned no homologue found



3852 (61%)



8687 (63%)



134 (2%)



450 (3%)



1412 (22%)



2972 (21%)



891 (14%)



1578 (11%)



ATP Binding Motifs



ATP Binding Motifs • Enzyme catalyzing similar reaction have often similar structure (evolution!) • Although there are many folds that coordinate ATP, several are particularly abundant and important. We will focus on the folds that are commonly used in the transfer of the γ-phosphoryl moiety. These include: P-loop motif Ser/Thr/Tyr Kinase domains. • Not all phosphotranseferases contain these motifs ! • It is important to know the features that used to coordinate ATP in a manner that is appropriate for the chemistry to be facilitated.



What Features Should You Look For? • Coordination of the adenine (specificity for the purine base) • Coordination of the triphosphate moiety. • A divalent metal binding site. • Catalytic groups to facilitate phosphoryl transfer.



Very often the active site is here



The Rosmann fold - open



The Rosmann fold - cyclic



The P-loop MNLVLMGLPG EETPLGLEAK FLLDGFPRTV MERLTGRRIC ADDNEETVSK IQDVYADVKD



AGKGTQGERI SYIDKGELVP AQAEALEEIL SVCGTTYHLV RLEVNMKQTQ LLGGLKK



VEDYGIPHIS DEVTIGIVKE EEYGKPIDYV FNPPKTPGIC PLLDFYSEKG



TGDMFRAAMK RLGKDDCERG INIEVDKDVL DKDGGELYQR YLANVNGQQD



γ



AK de B. subtilis



α



Mutation Lys



β



Ala: v decreases 1000 fold



P-loop highly conserved:



P-loop • This a signature motif of a large group of ATP binding proteins, first identified in F1ATPase but is characteristic of adenylate kinase, myosins, kinesins, G-proteins (GTP!). • The consensus sequence for this motif is: Gly-X-X-X-X-GlyLys-Thr/Ser. • This is sometimes called the "Walker A" motif • The P-loop coordinates the β- and γ-phosphates of the nucleotide to the protein. The common feature is the use of amide hydrogens to coordinate the phosphate oxygens. The lysine residue helps neutralize the negative charge on the phosphate. • The ribose oxygens are often exposed to solvent (this not true for most ATP binding motifs). • Remember the ligand is Mg ATP!



P-Loop in myosin



The P-loop (in yellow) is always part of a mostly parallel β-sheet



Myosin ATP Binding Site •The nucleotide binding site lies at the C-terminal end of the central b-sheet that underlies all proteins that utilize the P-loop motif. •Adenine lies across the end of the sheet and is typically cradled by the side chains of the helices that overlie the sheet. •Note there is comparatively little involvement of the αphosphate



Hydrogen Bonding Pattern of the P-loop in Myosin[GESGAGKT(186)]



The main chain amide hydrogens play a key role in coordinating the β- and γ-phosphate oxygens; however neighboring residues on adjacent secondary structural elements are required to complete the coordination sphere for MgATP (in this case MgADP·BeFx).



Role of the Amino Acids in the Consensus Sequence Adenyate Kinase



FVVGGPGSGKGTQCE



ras proteins Elongation factors ATP synthase βsubunits Myosin heavy chains Thymidine kinase Phosphoglycerate kinase



VVVGAGGVGKSALT VVIGHVDSGKSTTTG GLFGGAGVGKTVIM LITGESGAGKTENT VIFGPMFSGKSTEL PFLAILGGSKVSDKIQ



The consensus sequence for the P-loop is Gly-X-X-X-X-Gly-Lys-Thr/Ser The glycines fulfill an important structural role to allow the amide hydrogens of successive residues to interact with the phosphates. The intervening residues are variable, but many are small which also convey greater freedom in the choice of conformational angles. Note: the loop is not flexible. The other residues that face away from the loop play an important role in stabilizing the loop.



Topology of Proteins that Contain a P-loop



Guanylate kinase



Phosphoglycerate kinase



Adenylate kinase



Myosin



Ras/EF-Tu/transducin



Rec A



Typically the P-loop is located close to the N-terminus of the protein and is one removed from the edge of the sheet. The adjacent strand provides ligands that coordinate the metal ion. Usually the β-sheet that contains the P-loop is mostly parallel.



Conserved Metal Ion Coordination in P-Loop Enzymes Interestingly the metal ion coordination is very similar in a wide range of enzyme that utilize the P-loop to bind MgATP. The nature of the ligands that coordinate the metal are somewhat variable (either Ser or Thr). The location of the water molecules is also conserved.



The P-Loop is Used to Coordinate ATP and GTP



The P-loop motif is used to coordinate both ATP and GTP as illustrated by myosin and H-ras protein. The nucleotide and metal ion coordination are very similar. In both cases the ribose oxygens are exposed to solvent as indicated by the ability of these proteins to coordinate mant-nucleotide. Notice the similar orientation of the bases. This shows the binding of mant-nucleotides. A fluorescent derivative useful for kinetic studies. Note the attachment to the 2' or 3' hydroxyls of the ribose.



Additional Motifs Associated with the P-loop • An additional sequence motif is present in many of these proteins. This are known as the "Walker B" motif and has the consensus sequence Asp -X-X-Gly • It often plays an important role metal ion coordination and often precedes a site associated with conformational switching in energy transduction and signaling. • The role of the Walker B motif will be discussed in the lecture devoted to myosin and kinesin.



Chemistry of Phosphoryl Transfer



Phosphoryl Transfer Reactions Many unfavorable reactions are driven to completion by coupling the reaction to the hydrolysis of ATP. There is always a direct chemical involvement.



Most reactions involving ATP involve either nucleophilic attack on the γ- or α- phosphoryl group. This can generate free phosphate or a phosphorylated product in the first case or a covalent AMP intermediate in the second.



More precise nucleotide conformation



RIBOSE PUCKERING



Ribose cannon be planar



ANTI



BASE CONFORMATION



SYN



Chemistry of Phosphoryl Transfer •Phosphoryl transfer involves nucleophilic attack on the terminal phosphate. If the attacking nucleophile is an alcohol or water some mechanism must exist to remove the proton.



•There have been questions about the nature of the catalytic base required to deprotonate the attacking nucleophile. In some cases, the ultimate base is the G-phosphate itself!



Mechanism of Phosphoryl Transfer •Phosphoryl transfer from phosphomonoesters occurs via a meta-phosphate like intermediate. The mechanism is fundamentally dissociative for model compounds and is likely similar in all enzymes. Transition state



But remember that the terminal phosphate is coordinated to the protein and metal ions, which might alter the nature of the transition state.



(associative mechanism)
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Other purine NTP are good substrates for HK (GTP)



Blue: HK structure Red: HK-Glucose complex



Induced Fit - Introduction • Enzyme conformation changed induced by substratebinding • Proposed as a mechanism for specificity by Koshland, 1959 – Alternative to prior “lock-&-key” hypothesis – Both true - difference enzymes – Induced fit ideas have matured in 40 yrs



Induced Fit - Thermodynamics



• Incorrectly thought for some time that induced fit could enhance rate – KM increased, but kcat unaffected – Detrimental to rate • Some reason to accept lower rate – Specificity – Stopping side reactions – Hydrolysis versus transfer reaction



A Paradigm of Induced Fit - Hexokinase • Glucose + ATP ↔ G-6-P + ADP • ATP hydrolysis w/ transfer to glucose • How to avoid glucose-independent ATP hydrolysis? – That would waste energy – Promoted by ATP active site amino acids • Catalytic amino acids moved into place by sugarinduced movement – Only w/ sugar in place is hexokinase a catalytically competent kinase



Induced fit examples: Hexokinase & Arginine kinase exclude H2O & configure active site on substrate binding to prevent ATP hydrolysis



Arginine kinase



All sorts of motions • 1 to 15 Å • Rotations: 3 to 60° • Regions: loops -> domains -> subunits • Usually rigid-body – Occasionally loops refolded • Database of protein motion – http://bioinfo.mbb.yale.edu/MolMovDB/



Substrate Strain or Induced Fit • Can be difficult to distinguish – Every force - equal & opposite force – Likely that both enzyme & substrate strained • Which causes which? • Need to measure energies, but see positions – Energy calculations are very crude • Substrate strain may involve subtle atomic motions – Difficult to detect & see significance



Nucleophilic atak in α position



Intra-molecular reaction



Réaction kinase intra-moléculaire



Nucleophilic atak in α position
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Nucleophilic atak in α position



H :O-R



Glucose-6phosphate



glycolyse Biosynthèse de l’ADN 5’ 3’



Le transfer enzymatique du groupement phosphoryl Arginine kinase active site



The negative charges of ATP are neutralyzed by the active-site Arg and Lys



Le transfer enzymatique du groupement phosphoryl: rôle des cations divalents All phosphotransferase reactions occur with the assistence of divalent ions Mg2+ or Ca2+ or Mn2+ (efficient but non-physiological) Mg2+ ions are hexa-coordinated; the prefered ligands are Oxygen (OH, COO-)



EDTA



The apparent log stability constants for EDTA at pH 7.5 are Mg: 5.9, Ca: 7.8, Zn: 13.6.



Le transfer enzymatique du groupement phosphoryl: rôle des cations divalents



Structural isomers of ATP-Mg2+



Mg2+ ions: (Partially) neutralize polyphosphate charges Keep nucleotide in the correct conformation Bridges between nucleotide and protein (directly or via water molecules)



Planar ions as analogs of the metaphosphate



Ne



Transition state (metaphosphate) Transition state analog



The enzyme increase the reaction rate because they bind strongly the transition state (rather than the substrates)



NMP kinases



Métabolisme des nucléotides-voie de récupération (+ thérapie) Adenosine



Salvage pathway



A kinase



Guanosine



G kinase



Thymidine



T kinase



Uridine



Cytosine



U kinase



C kinase



De novo Synthesis (from amino acids and small precursors) Separate ways for purines and pyrimidines



Nucleoside analogs used ad drugs lack the OH in the 3’ position. They can be incorporated in nucleic acids, but will stop polymerization Nucleosides are precursors (pro-drugs). They shoould be phosphorylated to triphosphate to be substrates for polymerases.



Une famille de phosphotransférases: les nucleoside monophoshate kinases Phosphory transfer



Mg2+



Mg2+



Une famille de phosphotransférases: les nucleoside monophoshate kinases Specific for each base; Adenylate (AMP) kinase, GMP kinase, TMP kinase, CMP kinase, UMP kinase (UMP/CMP kinase in some organisms)



boucle-P



Very conserved structures



CMP kinase and AMP kinase of E. coli



Four of the NMP kinases of E. coli have identical topologies and very similar 3D structures, but very little sequence similarity. Evolution: 3 steps Mutation Amplification Selection The selection criterium is function and not sequence!



Overlap of Cα trace of human AK with a. AK from E. coli b. GMP kinase from yeast c. UMP kinase from yeast



NMP kinases: specificity



Schematic diagrams showing hydrogen bonding interactions of NMP kinases with the base moieties of NMPs. (A) AKe with adenine; (B) GKy with guanine; (C) UKy with adenine; and (D) UKd with uracil. Hydrogen bonds shown by dotted lines.



Une famille de phosphotransférases: les nucleoside monophoshate kinases Changement conformationnel dans l’adénylate kinase suite à la fixation du complexe MgATP Le phosphate γ est proche de l’AMP Exclusion de l’eau Le mécanisme est aléatoire Bi-Bi



Une famille de phosphotransférases: les nucleoside monophoshate kinases Inhibiteurs: EDTA (chélateur du Mg2+)



AMP-PNP



Ap5A analogue de bisubstrat



Binding of the bisubstrate analog Up5A to the UMP/CMP kinase MgADP + UDP MgATP + UMP



Uridine



Associative mechanism



Dissociative mechanism



Note the highly charged phosphoryl transition state in the associative mechanism!



UMP/CMP kinase de Dictyostelum is specific for the acceptor nucleotide NMP and (relatively) non-specific for the donor NPT MgATP + UMP MgADP + UDP



Conformational change in AMP kinase upon substrate binding



Une famille de phosphotransférases: les nucleoside monophoshate kinases Inhibiteurs (suite): ADP-AlF3 transition state analog CMP



AlF3



ADP



UMP/CMP kinase



3ukd



Adenylate kinase from Sulfolobus sulfataricus is a tetramer made of typical NMP kinase subunits Sulfolobus sulfataricus is growing at about 100°C ! The oligomeric structure contributes to protein thermostability



Not all NMP kinases belong to the structural class of NMP kinases! The UMP kinase of E. coli is a hexamer having a tertiary structure not related to the other NMP kinases



GTP



UTP



NDP kinase



Une phosphotransférases universelle: la nucleoside diphoshate kinases Mg2+



ATP + NDP



ADP + NTP



Mécanisme ping pong a. cinétique à l’état stationnaire b. identification de EP c. rétention de configuration du groupement phosphate transféré



a. cinétique à l’état stationnaire



Une phosphotransférases universelle: la nucleoside diphoshate kinases



b. identification de EP



Simulated annealing Fo–Fc omit maps contoured at 3.5 σ showing ADP (to the left) and His-122 (to the right).



Schematic representation of NDPK–nucleotide interactions.



Xu Y et al. PNAS 1997;94:3579-3583



1scu 266-278β 155-166α



1scu



NEP246a



Une phosphotransférases universelle: la nucleoside diphoshate kinases c. retention of configuration of phosphoryl group



Sequential mechanism Direct nucleophilic atak (type SN2) Inversion of configuration



AK ping-pong mechanism: 2 nucleophiles ataks (type SN2), 2 Inversions of configuration = retention!



Nucleoside diphosphate kinase



Une phosphotransférases universelle: la nucleoside diphoshate kinases



Retention Kinases Adenylate kinase Creatine kinase Phosphoglycerate kinase Pyruvate kinase Phosphofructokinase Nucleoside diphosphate kinase



+ + (2 inversions)



Phosphatases Phosphatase alkaline Phosphatase acide GTPase (protéines G) Myosine



+ +



Une phosphotransférases universelle: la nucleoside diphoshate kinases La nucleoside diphoshate kinases, structure 3D Pas de motif de Rosmann, ni de boucle-P ! O NH2
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Residual activity after mutating active-site residues
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Protein kinases



Examples of cellular processes regulated by Ser/Thr protein kinases and the signals to which they respond.



Phosphorylation and dephosphorylation are not the reverse of each other: the net result is conversion of ATP into ADP + Pi (∆G = -12 kcal/mol). The rate of cycling depends on the relative activities of the kinases and phosphatases involved.



Phosphorylation of proteins: • changes electrostatic interactions by addition of two negative charges per phosphate; • may result in 3 H-bonds per phosphate; • changes the free energy of a protein with appr. -6 kcal/mol; this energy can be used for conformational changes; • is kinetically controlled (can be slow or fast, depending on the activity and amount of kinases and phosphatases); • can evoke amplified effects: a single kinase can phosphorylate hundreds of target proteins (e.g. protein kinase A); • is linked to the energy status of a cell (as ATP is the phosphate donor).



• Protein kinases are a very large family of enzymes (559 homologues in human): • Dedicated protein kinases: phosphorylate single proteins or groups of related proteins • Multifunctional protein kinases: have very different target molecules



• Many protein kinases recognize the target motif: Arg - Arg - X - (Ser/Thr) - Z (Ser or Thr being the site of phosphorylation, X a small residue and Z a large hydrophobic residue)



Example: protein kinase A Protein kinase A modulates the activity of many proteins by phosphorylation. Protein kinase A occurs in an inactive form (R2C2), consisting of two regulatory (inhibiting) subunits and two catalytic subunits, and in an active form (2C). cAMP activates protein kinase A by dissociation of the R-subunits from the R2C2complex (allosteric activation).



The R-subunits contain a pseudosubstrate sequence: Arg - Arg - Gly - Ala - Ile, which binds to the catalytic site of the C-subunits. Binding of cAMP allosterically moves the pseudosubstrate sequence out of the catalytic sites.



Protein kinases bind ATP and target protein in a cleft. ATP and the inhibitor bind in a deep cleft between two lobes of protein kinase A: • one lobe binds ATP-Mg2+; • the other lobe binds the inhibitor and contains the catalytic residues; • the arginines of the inhibitor bind to carboxylates in PKA; the nonpolar Z-residue binds in a hydrophobic groove in PKA; • large part of this structure is conserved in other protein kinases.



•The substrate binds exactly in the same position



• Protein kinases are a very large family of enzymes (559 homologues in human): • Dedicated protein kinases: phosphorylate single proteins or groups of related proteins • Multifunctional protein kinases: have very different target molecules



• Many protein kinases recognize the target motif: Arg - Arg - X - (Ser/Thr) - Z (Ser or Thr being the site of phosphorylation, X a small residue and Z a large hydrophobic residue)



a. Protéine kinases On va détailler les protéine kinases régulatrices autres rôles de la phosphorylation des protéines catalytique transport structural



Phosphorylation and dephosphorylation are catalyzed by different enzymes Protéine Kinase



Protéine + MgATP



∆G < 0



Protéine-P + MgADP



Phosphoprotéine Phosphatase



Protéine-P + H2O



Protéine ∆G < 0



a. Protéine kinases



Résidus phosphorylés par les PK dans les protéines



Sérine/Thréonine Régulation du métabolisme (voir glycogène) Régulation de la division cellulaire, etc 1% du génome humain code pour de protéine kinases Ser/Thr Similarité (identité) de structure! Régulation différente (AMPc, Ca2+ ………) Tyrosine Transduction des signaux Histidine Transduction des signaux et transport des sucres chez les procaryotes Pas de phosphatases – instabilité chimique de la phosphohistidine Minoritaires: Asp/Glu, Cys, etc



La protéine kinases A: rôle cellulaire Adrenaline



Inactive



Active



La protéine kinases A: mécanisme catalytique PK-A: structure de la sous-unité catalytique en complexe avec un analogue de l’état de transition



2 domaines



Peptide-substrat



sequence consensus Arg-Arg-X-Ser-Z ou Arg-Arg-X-Thr-Z, X est un aa de petite taille, Z est grand et hydrophobe, Ser ou Thr est le site de phosphorylation



La protéine kinases A: mécanisme catalytique



Mg2+



Mg2+



1L3R



La protéine kinases A: régulation



Etude de la dissociation de la PK-A par transfert de fluorescence



Etude du complexe PK-A par transfert de fluorescence



La protéine kinases A: régulation Cycle thermodynamique L’AMPc se fixe avec plus d’affinité affinité à R2 qu’à C2R2 Dissociation !



La protéine kinases A: régulation



Glutamate mimics the phosphorylated serine (site(directed mutagenesis) Mutations of Ser-23 of the alpha1 subunit of the rat Na+/K+ATPase to negatively charged amino acid residues mimic the functional effect of PKC-mediated phosphorylation. Vasilets, et al: FEBS-Lett. 1999; 455, 8-12 The Na+/K+-ATPase is a target protein for protein kinase C (PKC). The PKC-mediated phosphorylation of the rat alpha1 subunit at Ser-23 results in the inhibition of its transport function. To understand the molecular basis of the inhibition by PKC, the Ser-23 in the rat alpha1 subunit has been replaced by negatively (Asp, Glu) or positively (Lys) charged, or uncharged (Gln, Ala) residues, and the mutants were expressed in Xenopus oocytes. Ouabain-specific 86Rb uptake and pump-generated current as well as sensitivity to ouabain and to external K+ have been investigated. When Ser-23 was replaced by the negatively charged residues, transport function was inhibited, and simultaneously synthesis of the alpha subunits was enhanced. In addition, if Ser-23 was substituted by Glu, the K(I) value for inhibition of transport by ouabain was drastically increased from 46.5 microM to 1.05 mM. The data suggest that insertion of a negative charge within the N-terminus of alpha subunit of the Na+/K+-ATPase due to phosphorylation of Ser-23 plays an important role in the PKC-mediated inhibition of transport function.
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La protéine kinases A Analogues « non-hydrolysables » de l’ATP



Pas de phosphorylation



Phosphorylation stable (le thiophosphate ne peut pas être hydrolysé par les protéine phospjhatases



La protéine kinases A: régulation Sous-unité régulatrice + 2 AMPc



C 1rgs R Sous-unité catalytique (rouge) + 1/2 sous-unité régulatrice et AMP-PNP



1u7e



Séquence N-terminale des R (Ala à la place de la Ser substrat) Gly Arg Arg Arg Arg Gly Ala Ile Ile
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Phosphorylation stable (le thiophosphate ne peut pas être hydrolysé par les protéine phospjhatases



La protéine kinases A: régulation Sous-unité régulatrice + 2 AMPc



C 1rgs R Sous-unité catalytique (rouge) + 1/2 sous-unité régulatrice et AMP-PNP



1u7e



Séquence N-terminale des R (Ala à la place de la Ser substrat) Gly Arg Arg Arg Arg Gly Ala Ile Ile



C11. Phosphotransférases, 2ème partie a. Protéine kinases On va détailler les protéine kinases régulatrices autres rôles de la phosphorylation des protéines catalytique transport structural



La phosphorylation et la dé-phosphorylation sont des réactions différentes Protéine Kinase



Protéine + MgATP



∆G < 0



Protéine-P + MgADP



Phosphoprotéine Phosphatase



Protéine-P + H2O



Protéine ∆G < 0



a. Protéine kinases



Résidus phosphorylés par les PK dans les protéines



Sérine/Thréonine Régulation du métabolisme (voir glycogène) Régulation de la division cellulaire, etc 1% du génome humain code pour de protéine kinases Ser/Thr Similarité (identité) de structure! Régulation différente (AMPc, Ca2+ ………) Tyrosine Transduction des signaux Histidine Transduction des signaux et transport des sucres chez les procaryotes Pas de phosphatases – instabilité chimique de la phosphohistidine Minoritaires: Asp/Glu, Cys, etc



La protéine kinases A: rôle cellulaire Adrenaline



Inactive



Active



La protéine kinases A: mécanisme catalytique PK-A: structure de la sous-unité catalytique en complexe avec un analogue de l’état de transition



2 domaines



Peptide-substrat



sequence consensus Arg-Arg-X-Ser-Z ou Arg-Arg-X-Thr-Z, X est un aa de petite taille, Z est grand et hydrophobe, Ser ou Thr est le site de phosphorylation



La protéine kinases A: mécanisme catalytique



Mg2+



Mg2+



1L3R



La protéine kinases A: régulation



Etude de la dissociation de la PK-A par transfert de fluorescence



Etude du complexe PK-A par transfert de fluorescence



La protéine kinases A: régulation Cycle thermodynamique L’AMPc se fixe avec plus d’affinité affinité à R2 qu’à C2R2 Dissociation !



La protéine kinases A O
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Analogues « non-hydrolysables » de l’ATP
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Phosphorylation stable (le thiophosphate ne peut pas être hydrolysé par les protéine phospjhatases



2. Hydrolyse des esters organiques de l’acide phosphorique



Phosphatases - classification



Spécificité Rôle biologique Exemple ---------------------------------------------------------------------------------------------non-spécifiques nutrition phosphatase alca



spécifique
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cAMP Dependent Kinase complexed with MgADP, AlF3 and a Substrate Peptide A recent structural determination of cAMP dependent kinase complexed with a transition state analog confirms many of the earlier studies with nucleotide and inhibitors. Transition state analogs are invaluable for studying phosphoryl transfer, but it must always be remembered that these represent stable complexes and not the transition state itself. In this case AlF3 was coordinated in the active site as a minic for metaphosphate.



AlF3 as a mimic of metaphosphate The electron density reveals a planar AlF3 moiety coordinated to a terminal oxygen of the β-phosphate and the substrate serine hydroxyl. This is a good mimic of the metaphosphate-like transition state, but remember the bond distances will be greater for AlF3 than PO3Usually these metallofluorides carry a net negative charge. This is contributed by the phosphate oxygen, however the serine hydroxyl is almost certainly protonated.



Coordination of a Transition State Analog •The metals are coordinated to



both the β-phosphoryl group and two fluorines of the AlF3 moiety, and thus would stabilize the transition state. •Lys 168 interacts with both the serine of the substrate and one of the fluorines and is probably important for phosphoryl transfer (electrostatic). A similar side chain (Lys or Arg) is found in the Tyrosine kinases. •Asp 166 might function as the catalytic base that abstracts the proton from the serine or more likely to orient the hydroxyl for attack on the γ-phophoryl group. This coordination implies that the hydroxyl is protonated.



Summary of ATP Binding Motifs • The all share the use of metal ion(s) to neutralize the negative charge on the phosphates and commonly include lysines and arginines to augment ligand binding. • No fixed rules about side chains or main chain atoms to coordinate the phosphate oxygens, but glycine rich loops are commonly used to allow adjacent amide hydrogens to interact with the phosphate oxygens. • No fixed rules about the secondary structural elements used to coordinate ATP (except that is usually strands rather than helices). • But the motifs are used ubiquitously to accomplish phosphoryl transfer. The chemistry is similar in all
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Fig. 1. Proposed mechanism of two-metal ion catalysis in the hydrolysis of phosphate monoesters by AP. Formation of the enzymesubstrate complex (EWROP) involves coordination of the ester oxygen to Zn1 and additional interactions between the non-bridging oxygen atoms of the substrate, and Zn2 and the guanidinium groupof Arg-166. Ser-102 occupies the position opposite the leaving group. Upon formation of the covalent E-P intermediate, phosphate moves slightly into the active site cavity maintaining interactions to both Arg-166 and the zinc ions. At alkaline pH, a nucleophilic hydroxide coordinated to Zn1 (identi¢ed as wat) attacks the covalent E-P intermediate forming the non-covalent EWPi complex. The slow dissociation of phosphate from this complex is rate-limiting under alkaline conditions. The geometries of the EWPi complex and the E- intermediate come from the X-ray crystal structures of the native and Cd-substituted enzymes, respectively [23]. Hydrogen atoms, the magnesium ion, and the ligands to Zn1 and Zn2 are not shown.
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Fig. 1. Proposed mechanism of two-metal ion catalysis in the hydrolysis of phosphate monoesters by AP. Formation of the enzymesubstrate complex (EWROP) involves coordination of the ester oxygen to Zn1 and additional interactions between the non-bridging oxygen atoms of the substrate, and Zn2 and the guanidinium groupof Arg-166. Ser-102 occupies the position opposite the leaving group. Upon formation of the covalent E-P intermediate, phosphate moves slightly into the active site cavity maintaining interactions to both Arg-166 and the zinc ions. At alkaline pH, a nucleophilic hydroxide coordinated to Zn1 (identi¢ed as wat) attacks the covalent E-P intermediate forming the non-covalent EWPi complex. The slow dissociation of phosphate from this complex is rate-limiting under alkaline conditions. The geometries of the EWPi complex and the E- intermediate come from the X-ray crystal structures of the native and Cd-substituted enzymes, respectively [23]. Hydrogen atoms, the magnesium ion, and the ligands to Zn1 and Zn2 are not shown.
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Small G protein p21ras



GTP-binding proteins GTPases Different families: « small » GTP-binding proteins, about 20 kDa (ras, Arf…) heterotrimeric αβγ elongation factor in traductuon transducin (involved in vision)



2. GTPase-activating Protein Accelerates the hydrolysis rate



1. Exchage factor Accelerates Nucleotide exchange



Catalytic cycle of the small G protein



p21ras



Very high affinity for GTP and GDP Kd about 10-10M



Conformational change if GTP or GDP-bound The structural “air de famille.” In Arfs, Arls, and SAR proteins, the interswitch toggles from an unusual retracted conformation in the GDPbound form that is fastened by the NH2-terminal helix to an exposed conformation in the GTP-bound form that is stabilized by the W/GG/R signature (shown here for ARF6-GDP and ARF6-GTP).



Two sides of the coin: affinity and specificity The GTP/GDP binding is highly specific. Interaction with Asp118 is essential.



The Asp118Asn is specific for XDP !



1. Exchage factor: Accelerates nucleotide exchange The mechanism:



Binding of Sos to Ras · GDP leads to changes in the conformation of two regions of Ras, switch I and switch II, thereby opening the binding pocket for GDP so it can diffuse out. Because GTP is present in cells at a concentration some 10 times higher than GDP, GTP binding occurs preferentially, leading to activation of Ras.



Again, a thermodynamic cycle: Cdc25 binds more strongly to the empty form of ras, therefore its binding decreases the affinity of the Ras.Cdc25 for GXP. This would ddecrease the equilibrium constant, but also the RATE of GDP dissociation! Approximate calculation: Keq = 1011 M–1, assuming kon 107 M–1 s–1 gives koff about 10-4 s–1



How decrease exchange factors the affinity of G proteins forGXP? Different strategies for different systems. Arf-GDP: a GLU side chain enters into the binding site



The GTPase reaction • Intrinsic GTPase rates of small G-Proteins are slow (range: kcat=10-2 - 10-3 min-1)



• SN2 nucleophilic attack with trigonal bipyramidal transition state • Phosphate hydrolysis reaction is thermodynamically highly favourable but kinetically very slow (Westheimer FH (1987), Why nature chose phosphates, Science 235, 1173-1178)



Enzymatic strategies for GTP hydrolysis



1) Counteracting of negative charge at phosphates - P-loop (GxxxxGKS), hydrogen bonds and lysine - Mg2+ ion, essential for nucleotide binding and hydrolysis - catalytic arginine (and lysine residues) 2) Positioning of attacking nucleophile - catalytic glutamine



How act GTPase-activating Protein? It accelerates the GTPase reaction rate 100 fold or more Here is the structure of the ras-GAP complex



Scheffzek et al., Science (1997)



ras



GAP



Catalytic cycle of the small G protein



ras



Complementation of the active site of the small GTP-binding proteins Ras and Rho by their respective GTPase-activating proteins (GAPs). A ‘primary', finger-arginine residue, together with the finger loop, crosses the ‘gap' between the proteins in order to neutralize developing charges in the transition state of the reaction and stabilize the critical glutamine residue. A ‘secondary', positively charged residue, (Arg in RasGAP and Lys in RhoGAP) stabilizes the finger loop. The transition state is shown as having a pentacoordinate phosphate group, in which the degree of bond making and bond breaking between the transferred phosphate, and the leaving group and nucleophilic oxygen (broken green lines), respectively, determines its associative/dissociative character. GMP, guanosine monophosphate.



Mechanistic considerations for the phosphoryl-transfer reaction in GTP-binding proteins. Starting from the ground state (a), the reaction reaches a transition state or high-energy intermediate (b), which, depending on the distances between the γ-phosphate and the equatorial oxygens (Oe), is anywhere between dissociative (>3.4 Å), where bond breaking has occurred before approach of the nucleophile, and associative (≈1.7 Å), where bond breaking has not occurred on approach of nucleophilic water. The distances between the axial oxygens (Oa) and γ-phosphate are the same (≈1.7Å) for either mechanism. Transfer of a proton from water to the γ-phosphate assists catalysis (substrate-assisted catalysis) and leads to a di-protonated Pi product (c) with inversion of stereochemistry.
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